In Brief
Chen et al. removed dense congenital cataracts from both eyes of a young blind Tibetan girl. Just 24 min after first sight, she accurately reached for objects. On day 2, she recognized an object by sight that had been simultaneously held and seen, but she could not recognize an object by sight or touch that was just examined by sight or touch alone.
SUMMARY
How we learn to interact with and understand our environment for the first time is an age-old philosophical question. Scientists have long sought to understand what is the origin of egocentric spatial localization and the perceptual integration of touch and visual information. It is difficult to study the beginnings of intermodal visual-motor and visualtactile linkages in early infancy since infants' muscular strength and control cannot accurately guide visual-motor behavior and they do not concentrate well [1] [2] [3] [4] [5] [6] . Alternatively, one can examine young children who have a restored congenital sensory modality loss. They are the best infant substitute if they are old enough for good muscle control and young enough to be within the classic critical period for neuroplasticity [7, 8] . Recovery studies after removal of dense congenital cataracts are examples of this, but most are performed on older subjects [9] [10] [11] [12] [13] [14] . We report here the results of video-recorded experiments on a congenitally blind child, beginning immediately after surgical restoration of vision. Her remarkably rapid development of accurate reaching and grasping showed that egocentric spatial localization requires neural circuitry needing less than a half hour of spatially informative experience to be calibrated. 32 hr after first sight, she visually recognized an object that she had simultaneously looked at and held, even though she could not use single senses alone (vision to vision; touch to touch) to perform this recognition until the following day. Then she also performed intersensory transfer of tactile object experience to visual object recognition, demonstrating that the two senses are prearranged to immediately become calibrated to one another.
RESULTS
A 44-month-old girl (YM) was discovered on August 20, 2012 by a Wenzhou Medical University charity mission. She lived with her nomadic Tibetan family 4,800 m above sea level in the grasslands of the Qinghai-Tibetan plateau in Western China. She was diagnosed with dense bilateral congenital cataracts, nystagmus, and a constant upward gaze. Family and friends said she had bright white pupils at the age of 3 months. She was described as always acting as if she were blind. She had been reared by an invalid grandmother in a black tent without electrical lighting, which greatly decreased her chances of seeing anything. She had never been seen by an eye doctor. When she was found, she could only discriminate between bright sunlight and darkness. At this time, the cornea and anterior chambers of her eyes were normal, and B-scan ultrasound showed a normal orbital shape and smooth flat retina.
We observed YM's visual development for 5 days after surgical removal of her cataracts in Shanghai. YM had received no education, but her ability to understand instructions and cooperate in the study indicated normal intelligence. Informed consent was obtained from her family for continued study, and testing was approved by the Ethics Board of the Wenzhou Medical College Affiliated Eye Hospital. Procedures were performed in accordance with the tenets of the Declaration of Helsinki.
YM underwent cataract removal surgery and intraocular lens implantation for both eyes at the same time on September 30, 2012. Eye patches were removed from both eyes 16 hr after surgery. We then observed her fixations, reaching/grasping movements, and emotional responses to her environment. All communication with her was through her translator since she spoke only the Amdo dialect of the Tibetan language.
Visual-Motor Development
Immediately after post-surgical eye patch removal, YM looked around and laughed repeatedly. She still had a nystagmus, but her constant upward gaze was no longer present. She randomly scanned the world around her and used coordinated saccadic eye movements and head turns to look toward people's voices and unidentifiable things. She ignored quiet people and objects waved in front of her face. After 0:50 s, she started looking toward people and briefly looked at a moving Lego. Her hands remained in her lap for the first 5 min. She never looked at her hands or objects placed in her hands. She then raised her left hand and showed great excitement upon seeing it. She repeatedly hid the hand behind her back, brought it out to look at and hid it again. After 6 min she started to fixate on and track objects. At 12:15 she first looked at an object in her hands.
At 12:40 min, her partially eaten pear was placed in her left hand and then removed and held in front of her. Her interpreter told her to get it and she immediately leaned her face toward it, reached a few inches to grasp it with her right hand and put it to her mouth. Orange slices were then placed near her hand and she felt around for them without actually looking at them. When she felt one, she grasped it and put it in her mouth. Within 2 min of presenting the first orange slice the observer saw her tracking an orange slice presented by author J.C. but she did not grasp it. She then started to fixate on and reach, usually inaccurately, toward orange slices held by her interpreter. She leaned forward so her face was close to the orange slice, then reached past it and brought her hand back toward herself to grasp it. She did not reach for orange slices offered by other people even if they were directly in front of her, but she continued to reach for her interpreter's with increasing accuracy. Despite many misses and adjustments, she laughed repeatedly as if she was playing a game. At 19 min, she started fixating on orange slices held by three people and reached toward them with increasing accuracy. By 23 min, she accurately reached for them with relatively smooth ballistic movements and grasped them in a natural manner on almost every trial. She even recalibrated her reach to successfully grasp the orange slice when it was moved aside during her reaching movement.
We must emphasize that our protocol called for YM to be repeatedly encouraged and cheered to maintain enthusiastic involvement. This encouragement did not provide cues to direct her behavior since she did not understand Mandarin. But she could understand her interpreter who would tell her to reach for an orange slice. We believe this lively, supportive environment enabled her to demonstrate this entire learning sequence in just 12 min rather than several days. A timeline of YM's behavioral progress is shown in Figure 1 . We have excellent videos of her first 60 min of sight. A 5 min captioned video showing highlights of her reaching/grasping progress accompanies this paper (Movie S1).
We have emphasized the positive effect of loud encouragement and note that this could not provide place cues. Two factors to consider are the smell of orange slices and the location of the presenter. Orange slices were everywhere, on the bed in front of her and in the hands of three presenters. The smell was pervasive and could not have provided place information. YM's interpreter was to her left, and at first she only reached for his orange slices. Restricting her reaching to this region surely made her learning easier at first. But his hand moved around on each presentation so that vision of the orange slice and/or his hand must have been used for accurate reaching. When she started accurately reaching for fruit held by the others, she had to reach toward a full range of positions.
On the day of patch removal, YM did not cooperate with visual acuity testing and did not appear to understand size concept. She also could not match objects on the basis of color. After 7 hr, the subject walked around but would walk into a person standing directly in front of her. By 26 hr, she walked around while avoiding objects and people in front of her. She was also able to locate a ball with a 14 cm diameter at a distance of 2 m or closer, suggesting that her visual acuity was about 0.04. By 32 hr, she could cooperate in performing the object-matching tests and appeared to understand the concept of size. During the week after patch removal, YM was not willing to watch videos, but on the fourth day her uncle was able to teach her the names of colors.
Two-Choice Object Matching
YM's behavior during object matching was recorded on video. The matching task used three sets of objects in four paradigms ( Figure 2 ). Just two choices were presented per trial. A target object was first presented for about 10 s. Then, the target object and a distractor object were presented several centimeters apart and the subject demonstrated her choice by reaching toward the target object.
Three three-dimensional Lego blocks from a child's construction set were used for a size recognition task. The objects were large enough to be unaffected by the child's visual acuity limitations and differed only in width, 5 cm, 9.25 cm, and 13.5 cm (9.5 , 17.6
, and 26.5 visual angle at a viewing distance of 30 cm) (C) Two-choice matching task: a target object is felt first (Ts), looked at first (Vs), or both simultaneously (Ts + Vs). Then, the subject must recognize the target object (Ts or Td) when paired with a touch or visual distractor. s, stimulus; d, distractor. See also Table S1and Movie S2.
( Figure 2A ). Shape discrimination objects consisted of a wooden cube and cylinder from a child's building block set. The cube was 10 cm on each side, and the cylinder was 10 cm in diameter and height ( Figure 2B ). These procedures follow a similar protocol to one used to test older children in India after dense congenital cataract removal [15] . 8 hr after patch removal, YM was confused and unable to participate during the object-recognition task, which was immediately discontinued. On day 2, she readily cooperated. Her task was object matching using the small (S) Lego versus either a medium (M) or large (L) Lego. This was the easiest stimulus comparison for the girl.
At the start of the recognition tasks, she was handed a Legos to inspect visually while holding it. Sight plus haptic inspection to visual matching (touch and vision to vision, T,V-to-V) is a new paradigm that has not been reported before. She immediately demonstrated recognition when given a choice between S and either M or L using only vision. Her performance was nearly perfect (11 of 12 correct). She was not trained to do this task and had no previous practice on it. However, she could not recognize the correct Lego if she used just touch or vision alone for the inspection and then tried to recognize it using just touch or vision (touch to touch [T-to-T], 5/7; vision to vision [V-to-V], 6/10; touch to vision [T-to-V], 6/11) ( Figure 3 and Table S1 ).
On the following 2 days, V-to-V, T-to-T, and T-to-V recognition were performed well with the easy object comparison (V-to-V, 9/10; T-to-T, 8/9; T-to-V, 9/9). For the more difficult object-comparison task (M versus L Lego) YM performed well on V-to-V (16/18), but T-to-V (10/16) and T-to-T (6/16) were near chance. On day 5, performance on V-to-V remained high (10/10) and T-to-V showed strong improvement (10/10). In contrast, performance on T-to-T remained near chance (6/10). On days 3 and 4 and on day 5, the results for the shape task (wooden cube versus cylinder) were very similar to those for the more difficult Lego task. Only T-to-T recognition with the more difficult object comparisons remained at chance throughout the 5 days ( Figure 3 and Table S1 ). We also provide a video of our subject's performance on all these tasks.
Control Subjects
Thirty-two normal children performed the matching recognition tasks in one session. The children were slightly older than YM (49.1 ± 5.3 months). This 5 month difference is not statistically significant, but at this young age 5 months may be significant developmentally. However, there was no age effect on their performance, suggesting that YM's younger age is not a factor. Half of the control subjects performed the tasks with their normal vision (mean visual acuity = 0.87); the other half looked through smoked glass filters, reducing their visual acuity to 0.13, which is slightly better than YM's visual acuity. All but two boys readily understood the tests and easily cooperated. Not surprisingly, the participants performed the matching tests with less hesitancy and faster, smoother reaching behavior than YM showed during her first days of vision. T,V-to-V was performed most easily, with an average of 10.0 correct in ten trials. T-to-T, T-to-V, and V-to-V were also performed with good accuracy (average 9.0 correct in ten trials) (Table 1) . Surprisingly, the children who looked through the smoked glass filters performed just as well as those using their normal vision. This indicates that YM's reduced performance was not due to poor visual acuity (Table 1) .
DISCUSSION

Visual-Motor Development
Young kittens and monkeys must see and use their arms and hands to learn to interact with their environment [16, 17] . Held and Bauer showed that infant monkeys deprived of the sight of their arms during their first month at first flailed about when trying to reach for a food treat. Through their actions, the monkeys continually recalibrated their movements using sensory feedback, until after 2 weeks they reached directly for their target and grasped it [17] . Normally reared monkeys follow a similar sequence in a few days, whereas young infants extend this period for months because of poor motor control [1, 18] . YM follows a similar path in just 24 min from first sight. In part, this speed is possible because the motor system is well developed. Yet the speed of linking vision to motor seems extraordinary.
Circuitry involving parietal-to-frontal lobe connections and neurons responsive to visual object location and hand shape needed for precise reaching/grasping movements has been described in detail [19, 20] . Held suggests a mechanism for an infant's visual-motor coordination development in which simultaneously experienced senses adapt their maps toward one another to become more mutually equivalent [21] . Lungella describes the same process using computational operations. He emphasizes that when the visual and motor senses adapt their maps toward one another, information would be exchanged between modalities creating a unified object in space [22] .
Two-Choice Object Matching
The most striking result in the object recognition study is that 32 hr after first sight, YM visually recognized an object that she had simultaneously looked at and held, even though she could not use her single senses alone to perform this recognition. T,V-to-V matching requires cross-modal integration between touch and vision to develop shortly after sight onset. The child's immediate ability to visually match an object to one just held and seen simultaneously, along with an inability to do these matches in any test using only one modality, suggests that strong intersensory integration may have benefitted from the earlier strong visual-motor integration.
Ernst and Banks have shown psychophysical frequency-ofseeing functions for the sight and touch of an object. When an adult detects the object using two modalities simultaneously, his/her frequency-of-seeing function is predicted by a statistical summation of the two individual senses alone [23, 24] . In our study, both V-to-V and T-to-T are below recognition threshold, but when used together they bring T,V-to-V well above recognition threshold. However, T,V-to-V is so far above threshold that its advantage must be based on more than a statistical summation.
In an ingenious study, Tal and Amedi used fMRI adaptation (fMRI-A) to ascertain whether brain areas responding to both vision and touch simply responded to both or whether individual neurons in the area were being used for both. One involves simultaneous assessment of parallel circuits, whereas the second finding would indicate an integrated assessment of the two modalities. LOtv (lateral occipital touch and vision area) showed strong integration of the two modalities. They found less touch information progressing back toward V1 (striate cortex) and less cross-modal integration. aIPS (anterior intraparietal sulcus) also showed significant cross-modal integration [25] .
In turn, this robust integration capability may prime the system to induce the adaptation needed for cross-modal T-to-V transfer to succeed on the following day. The T-to-V paradigm is designed to test the centuries old Molyeaux question, which asks, if a man is blind and suddenly has his sight restored, will he visually recognize an object he has previously inspected just by touch [26] ? In short, is information from the different senses connected and mutually calibrated prior to birth? Our study suggests that the two senses are prearranged so that they soon calibrate with each other after a brief period of visual-motor experience.
A procedure similar to ours was used to test older children in India after dense congenital cataract removal. The Indian children performed well during visual (V-to-V) or haptic (T-to-T) Lego matching either 1 or 2 days after first sight but were at chance for cross-modal matching (T-to-V). 2 days later, their T-to-V performance increased greatly [15] .
The rapid intersensory integration shown by YM seems at odds with claims that normal children do not approach optimal integration of visual and tactile information until 8 years of age [27] [28] [29] . However, others claim no difference between the multisensory integration of children and adults [30] . Our control group showed a slight intersensory advantage for T,V-to-V, although the tasks were so easy that a ceiling effect may hide a greater difference. The James group [31] tested for visual and haptic responding areas in LOtv and IPS in children 4-5 and 7-8 years old and in adults. They showed dual sensory input to both areas at all ages, but the overlap of dual input areas increased with age. This indicates that visual-haptic integration is present by 4 years of age but increases with age until after 8 years.
YM's rapid improvements in visual performance were performed while she had very poor visual acuity. We estimated her visual acuity to be 0.04. However, YM refused to cooperate with normal visual acuity testing involving patterns on a surface of paper or a computer monitor. In a similar but older group of subjects, visual acuity has been shown to improve after cataract removal, but their contrast sensitivity functions and resolution acuities continue to be sharply reduced [32] . When infant macaque monkeys had 2 to 16 weeks of binocular lid suture and 16 to 18 months to recover, they still had mild to moderate residual contrast sensitivity and resolution acuity deficits [33] . In monkeys treated this way, many striate cortex cells lose sensitivity or are unresponsive to visual patterns [34] . In young monkeys reared on a similar schedule but in darkness rather than with pattern deprivation, there are no morphological changes in the retina or the lateral geniculate nucleus [35] . The poor performance by YM on the T-to-T task seems surprising, but numerous studies have shown that blind children actually show a deficit in the tactile system [36] [37] [38] . It is hypothesized that the visual system sets down the strongest plan for categorizing object shapes. The blind child could not provide that visually developed shape plan to guide the tactile system. This study reports four unique and important findings: (1) Upon first sight, a congenitally blind child learned to accurately reach for and grasp desired objects in 24 min after first sight. (2) 32 hr after first sight, she visually recognized an object that she had simultaneously looked at and held, even though she could not use single senses alone to perform this recognition. (3) On the following day, she accurately transferred touch information to visual recognition information. (4) Tactile recognition remained at chance for the more difficult recognition tasks. These findings show that the visual-motor system is primed and can calibrate itself in less than 30 min. The strength of visual-motor integration may underlie the child's ability to visually recognize an object that has been simultaneously held and seen but to not yet be able do this with a single sense.
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